The leader sequences of two of the three polyoma virus late mRNAs were characterised by molecular cloning and DNA sequence analysis. A short single-stranded DNA fragment complementary to the 5 1 end of the body of mVPl was used to prime cDNA synthesis, and double-stranded cDNA was inserted into a derivative of pAT 153.
INTRODUCTION
Recent advances in the understanding of eukaryotic RNA metabolism owe much to the study of viral systems such as the adenoviruses and the papovav1 ruses SV40 and polyoma. These studies have revealed common patterns of viral RNA structure and gene organisation.
The major late mRNAs of adenovirus 2 and the late mRNAs of polyoma virus and SV40 consist of a 5' "leader" sequence about 200 nucleotides in length, joined to various "body" sequences derived from elsewhere in the genome (1-6). The leader sequences of the major late adenovirus 2 and SV40 mRNAs have been examined in detail by the sequencing of cloned leader cDNAs (7) or by primed cDNA synthesis and direct sequencing (8-11).
In both cases more than one type of leader sequence has been found attached to the same body sequence: the functional significance of this is not clear (8-10, 12,13). In the case of polyoma virus, three spliced mRNAs , coding for the virion structural proteins, VP1, VP2 and VP3, are produced at late times during productive infection (4,5,14). The 5' and 3' ends of their three different body sequences have been mapped by the SI nuclease technique (6) . The existence of a 5 ' leader sequence attached to the body sequences was inferred from these studies and from the map positions of the capped mRNA 5' termini (15) . Its existence was confirmed by electron microscopy (4,5).
Using oligonucleotide finger-printing and sequencing, Legon et al (16) showed that the leader sequence contains multiple copies of sequences present only once in the viral genome: electron microscopy allowed direct visualisation of the repeat (17) . These observations led to the proposal that the leader sequence is generated by the splicing of a giant tandemly repeated transcript of the entire circular viral genome (16) . Sequence analysis of a representative set of leader sequences is necessary before any conclusions about their generation and function can be drawn.
However, owing to the heterogeneity both of leader length and of 5' end position, direct sequencing of extended primer cDNA was not practical.
I therefore decided to characterise individual leader sequences by molecular cloning and DNA sequence analysis. This paper describes the isolation of cloned cDNA copies of mVPl and mVP3 leader sequences.
Sequence analysis of the recombinant plasmids revealed that the leaders consist of exact tandem repeats of a 57 nucleotide sequence. The sequences in the genomic DNA bordering this repeated unit are of the type observed at all cellular mRNA splice sites sequenced to date (18, 19, 20) . The major mRNA 5' ends were mapped and found to be scattered at heterogeneous positions just 5' to the repeated leader sequence unit.
The structure of the leader sequences strongly suggest that they are derived by the splicing together of the multiple copies of the leader sequence block present in a tandemly repeated transcript of the entire circular viral genome.
MATERIALS AND METHODS

Virus, Cells and Viral Nucleic Acids
Polyoma virus strain A2 was used to infect 3T6 cells, and viral DNA or total cytoplasmic polyadenylated RNA prepared as described by Favaloro et al (21) .
Plasmids and Plasmid DNA Preparation
Plasmid pHII-1 comprises the polyoma virus HpaII-1 fragment inserted into the PstI site of pAT153 (22) . Plasmid pJC2 is a derivative of pAT153 in which a single Sad site, flanked by dG-dC blocks of about 20 residues, replaces the plasmid EcoRI site. Both plasmids were gifts from J. Jenkins. Plasmid DNA was prepared by the method of Birnboim and Doly (23) as modified by D. Ish-Horowitz (personal communication).
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Preparation of single stranded 5 P-labeiled DNA fragments The HindllI-MboII fragment shown in Fig. 1 was prepared by digestion of 5ug of recombinant plasmid pHII-1 with these enzymes (New England Biolabs) under the recommended conditions. Plasmid pHII-1 was used to simplify the fragment purification. Following digestion DNA was treated with calf intestine alkaline 32 phosphatase and the 5' end labelled with P as described by Weaver and Weissmann (24) . The strands of the primer fragment are of different lengths and were separated by electrophoresis through a standard 5% polyacrylamide gel containing 50% w/v urea. The fragment was located by autoradiography and eluted by standard methods (25) . For the SI mapping experiments, lpg of polyoma DNA was used to prepare the L-DNA strand of the small Bcll+Bgll fragment (fragment Q, Fig. 1 ) 1n a similar fashion.
Synthesis of cDNA by Primer Extension
Primer fragment from lpg of plasmid was hybridised to 10pg total polyadenylated cytoplasmic RNA in 10ul 40 The reaction was stopped by addition of EDTA to 10 mM and SDS to 0.1%, NaOH was added to 0.3 M, and RNA hydrolysed by incubation at 37°C for 3 hr. After neutralisation with acetic acid and extraction with phenol, cDNA was precipitated by addition of 2.5 volumes of ethanol.
Following a further precipitation, the cDNA was rendered double stranded with AMV reverse transcriptase using the same conditions as above, phenol extracted, and ethanol precipitated.
Single stranded DNA was removed by treatment with 25 units of nuclease SI (Sigma) at 37°C in buffer as described (26) .
Finally, low molecular weight products were removed by chromatography on Sephadex G100 In distilled water and the excluded fraction lyophi1ised.
Construction of Hybrid Molecules
The double stranded cDNA was elongated with 10-15 dG residues using terminal deoxynucleotidyl transferase (P-L Biochemical s) in 1 mM CoCl 2 , 0.1 mM DTT, 25pM dGTP, lmg/ml BSA (Boehringer) , 140 mM cacodylic acid/30 mM Tris pH 7.6 (27) together with an excess of enzyme.
A similar number of dC residues were added to Sad cleaved pJC2; tailed linearised molecules were purified by electrophoresis through a IX agarose gel and recovered by the method of Tabak and Flavell (28) . Approximately equimolar amounts of vector and cDNA were then annealled in 0.2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA at 60° for 3 hr followed by slow cooling to room temperature overnight.
Transfection of HB101 and Identification of Clones
E-coli HB101 were made competent for transfection and stored at -70°C in 15% glycerol, 50 mM CaCl 2 -Cells were transformed with the hybrid DNA and plated out directly onto Millipore HAHP nitrocellulose sheets on 20cm square LB agar plates containing 12.5 pg/ml tetracycline.
Closely spaced but well separated transformants were obtained. Replica filters were made, amplified and prepared for _1_n situ hybridisation by the method of Hanahan -and Meselson (29) .
Polyoma DNA labelled by nick translation was used to detect colonies of interest (21). These colonies were picked from the master plate and further screened by hybridisation using the various nick translated fragments of the viral genome shown in Fig. 1 .
Restriction Mapping and Sequence Analysis
DNA from plasmids of interest was prepared and small 32 amounts labelled with P by nick translation. Inserts were excised by digestion with Sad (New England Biolabs), sized using a 5% polyacryl amide gel, and eluted.
They were then digested with appropriate enzymes and fractionated on 10% pol yacrylamide gels.
For sequence analysis, fragments were 5'-end labelled as described above (24) and sequenced by the method of Maxam and Gilbert (25).
Sl-nuciease Happing
The method of Berk and Sharp (30) as modified by Weaver and 3 2 Weissmann (24) was used.
The L DNA strand 5' P-labelled Bcll-Bgll fragment (fragment Q, Fig. 1 ) was prepared and hybridised to total pol yadenylated cytoplasmic RNA as above. Unhybridised DNA was digested with SI nuclease for lhr at 15°C in buffer as described (26) , and nuclease resistant DNA fractionated on a 12% polyacrylamide gel containing 50% w/v urea.
RESULTS
Isolation of Cloned Leader cDNAs
The topography of the polyoma virus late mRNAs (6) is shown in Fig. 1 . To prime cDNA synthesis, the L DNA strand of the HIndllI-MboII fragment (fragment P, Fig. 1 Polyona virus late mRNAs.
The three late mRNAs are shown, aligned with a linearised restriction map of the genome. The leader reiteration is Indicated schematically. Marked on the map are the Sacl+Xbal+BclI fragments used to screen the recombinants. Below the mRNAs are indicated the positions of the HindlII+MboII fragments used to prime cDNA synthesis (P) and the Bcll+Bgll fragment used to map the 5 1 termini of the mRNAs (Q).
sequences which showed them to be heterogeneous (16, 17) . Hybrids were then extended on a preparative scale and the cDNA made double stranded, followed by SI nuclease treatment as described in Materials and Methods. After dG tailing and annealling to the dC tailed pAT 153 derivative pJC2, E.coli strain HB101 was transfected with the hybrid plasmids. E.coli HB101 was chosen as recipient strain because 1t lacks recA function and is therefore suitable for carrying repetitive sequences such as those of the polyoma virus late leaders.
Screening of Recombinants by Colony Hybridisation
Colonies of cells carrying recombinant plasmids containing polyoma virus sequences were analysed by annealing with nicktranslated polyoma virus DNA.
Firstly, replicas of the master plates were made and annealed to total viral genomic DNA. Of 2000 colonies, 93 which gave positive signals were picked and grown on fresh filters, of which four replicas were made. Each replica was then probed with a different nick translated genomic DNA fragment (the fragments used are designated A-D in Fig. 1 ). Fragments giving positive signals are indicated by +; very weak annealing 1s indicated by (+).
Colonies hybridising to fragment A alone are omitted. All colonies carrying polyoma virus-specific sequences annealed to one or more of the four fragments, demonstrating that no cDNAs exclusively derived from the remainder of the genome were cloned.
About 50X of the colonies hybridised only to fragment A. These presumably contain either non-extended primer or sections of cDNA derived by "self priming" of the RNA. Forty-four recombinants, however, hybridised to fragments from elsewhere in the genome; these data are summarised in Table 1 . Plasmids which contain a leader cDNA derived from mVPl should hybridise at least to fragments A and C, while those derived from mVP2 and mVP3 should hybridise additionally to fragment B. The low abundance of mVP2 and mVP3, together with the greater length of cDNA that must be synthesised to make a complete copy from the primer used, account for the observation that few colonies hybridised to all three fragments.
Several colonies hybridised to fragments A and B but not to C; these presumably represent incomplete copies of either mVP2 or mVP3 and were not investigated further.
A few colonies hybridised to fragment D: the structure of these is at present under investigation.
Fourteen mVPl plasmids and two plasmids containing either mVP2 or mVP3 sequences were selected for further analysis by restriction enzyme digestion.
Restriction Analysis
From previous work (16) it was inferred that the leader repeat region should contain one AluI site and one Haelll site. 32 Accordingly, cloned cDNA sequences were mapped by excising P labelled inserts from the vector with SacI, followed by digestion with Haelll or Alul.
The results of analysis of two representative plasmids, pL 31 (mVPl) and pL3O (mVP3) are shown in Fig. 2 .
Using this approach, unambiguous restriction maps were constructed for the mVPl plasmids (Fig. 3c ) and the mVP3 plasmids (Fig. 4c). Figures 3a and 4a show the map of the Haelll and Alul sites 1n the 5' half of the late region, with Haelll fragment lengths in nucleotides indicated. General structures of the mVPl and mVP3 cDNAs are shown 1n figures 3b and 4b. Fragment lengths shown here can be seen to correspond to fragments seen on the Illustrative gels in Fig. 2 .
In the majority of plasmids a 57 nucleotide fragment was produced in greater than molar yield with both Haelll and Alul, representing a tandemly repeated sequence in the leader.
The number of repeats was estimated from the overall insert length.
Leader cDNAs with up to six complete tandem repeats were isolated.
In addition to the 57 nucleotide Haelll fragment, mVPl cDNAs produced an 80 nucleotide fragment, and mVP3 cDNAs a 176 nucleotide fragment, created by the leader-body splice in these mRNAs.
No plasmids containing cDNAs derived from mVP2 leaders were isolated.
DNA Sequence Analysis of Splice Joints
DNA sequence analysis was used to characterise at the nucleotide level the nature of the sequence rearrangements which Lengths of the cDNA inserts in base pairs are 1n brackets.
distinguish the cDNA and genomic DNA structures. Five plasmids, pL9, pL14, pL27, pL29 and pL30 were analysed.
The regions of these plasmids that were sequenced are shown in fig. 5a . In all cases except pL29 (see below) the viral sequences were identical to the published genomic DNA sequence (31) but rearranged as shown in fig. 5b .
The repeated 57 nucleotide Haelll fragment resulted from the tandem reiteration of nucleotides 5076 to 5020. The nucleotide sequence across the discontinuity is shown in fig. 5b . The context of this reiterated leader sequence unit 1n the genomic DNA is shown in fig. 6a , with the leader unit boxed. The genomic DNA sequences bordering the repeat unit are Putative splice joints are arrowed. characteristic of those found at RNA splice sites (18) (19) (20) . As there is no redundancy at the ends of the repeated unit, the unambiguous assignment of 5076 to 5020 for the leader unit-leader unit splice site can be made.
The repeated structure could be generated by the splicing together of successive copies of the leader unit in a giant tandemly repeated transcript of the entire circular viral genome (see below).
The seqeunces across the leader-body junctions of mVPI and mVP3 determined by sequence analysis of the appropriate fragments, are also shown in fig. 5b . The mVPI cDNA sequence 1s consistant with a splice from nucleotide 5020 of the last leader unit copy to nucleotide 4122; that of mVP3 with a splice from the same donor, nucleotide 5020, to nucleotide 4707. The genomic DNA sequences at these sites are shown 1n figs. 6b (mVPI) and 6c (mVP3); again, they are of the type previously observed at cellular mRNA splice sites (18) (19) (20) . The sequence of the L strand of the genomic DNA in the vicinity of the 5' end of the mVPl body.
The acceptor nucleotide, assigned according to the GT-AG rule (18) , is shown by a triangle; sequences appearing in mVPl are boxed.
The sequence of the L strand of the genomic DNA in the vicinity of the 5' end of the mVP3 body.
The acceptor nucleotide, assigned according to the GT-AG rule (18) , is shown by a triangle; sequences appearing in mVP3 are boxed.
Owing to redundancy at the splice sites the exact position of the leader body junctions cannot be determined. In figure 6b and 6c, the splice sites have been assigned according to the GT-AG rule (18) .
Plasmid pL29 was found to contain a normal mVPl leader-body junction and one complete leader sequence unit, apparently spliced onto another leader sequence unit.
However, after 5 nucleotides of this second unit (nucleotide 5024, arrowed in Fig.  6a ) the sequence is not recognisable as being of either viral or plasmid origin.
No rearrangement of plasmid sequences was detectable.
The significance of this molecule is not known: preliminary experiments suggest that it 1s the cDNA copy of an mRNA from a host-virus recombinant present in the original virus stock.
The Position of cDNA and mRNA 5' Ends
Assuming a homopolymer tail length of 15 nucleotides, it can be deduced from the restriction maps that most of the inserts are joined to the homopolymers within the 5 1 half of a leader sequence unit. However, some cDNAs, such as those of pL9, pL14, and pL37, contain 5' end sequences derived from upstream of the repeated leader sequence unit.
Two of this type, pL9 and pL 14, were analysed by DNA sequencing: their 5' terminal nucleotides map at positions arrowed in Fig. 6a (nucleotides 5090 and 5087) . The mVPl plasmid pL27 has a 5' terminus at nucleotide 5071, while the mVP3 plasmid pL30 has a 5' terminus at nucleotide 5032/3. It was expected that the method of cDNA second strand synthesis employed (self priming) would result in the loss of 5' terminal nucleotides from a complete first cDNA copy.
In addition the region around the 5' end of the leader sequence block is very AT rich (see Fig. 6a ) and might be sensitive to SI attack under the conditions used. Correspondence between the bands on the gel and the map of the 5' ends derived from them is indicated.
The leader unit is shown shaded and the AT rich region referred to in the text marked in black. The present study demonstrates that such molecules must be rare or discriminated against during the cloning process.
One plasmid, pL29, was found to contain sequences attached to part of an apparently normal mVPl leader sequence which derived neither from polyoma virus nor from the vector. The significance of this molecule is unknown.
The virus stock used in this study was derived from one low multiplicity passage of plaque purified virus. Preliminary experiments, however, suggest that the cDNA in pL29 is the product of a host-virus recombinant present 1n the original virus stock.
Polyoma virus-host recombinants of this type have not hitherto been characterised in detail; however, they are frequently produced during high multiplicity passage of the related monkey papovavirus SV40 (33). Other plasmids, containing sequences complementary to other parts of the genome are under investigation. These may contain rare alternative leader sequences or cDNAs from early mRNAs.
A detailed map of the 5' ends of late mRNAs (Fig. 7) ends of the cloned leader cONAs described in this paper are consistent with synthesis of a complete copy of the first cDNA strand, followed by loss of about 30 of its terminal nucleotides during second strand synthesis. A major point of interest is how the amplification of the leader sequence block 1s achieved. As discussed above, the DNA sequences bordering the repeated unit are typical of those found at RNA splice points. During biosynthesis of the late mRNAs, the several copies of the leader sequence unit present in a giant tandemly repeated transcript of the viral genome could be spliced together and joined to one body sequence, as first proposed by Legon et al (16) . In addition to the structures of the leader sequences themselves, previous evidence concerning the nature of virus specific RNA 1n infected cell nuclei 1s consistent with this hypothesis: giant polyoma virus specific RNA molecules predominate (35) (36) (37) and in vi vo labelling experiments demonstrate that most of the vi rus-speci f ic nuclear RNA is not exported to the cytoplasm (38) .
The topography of the nuclear RNA 1s consistent with its serving a precursor function, and it has a high turnover rate (R.H. Treisman, manuscript in preparation). The wide variation 1n the number of leader sequence units in individual mRNAs means that the effective length of the polyoma virus late transcription unit 1s variable, with an average length of about 20kb. The length of precursor required to produce the longest leader sequence cloned (pL27) would be almost 35kb, longer than the adenovirus 2 major late transcription unit. By contrast, little late SV40 (strain 776) nuclear RNA is longer than one genome length (39, 40) , correlating with the rarity of tandem repeats in late mRNA leader sequences (10) .
In some strains of SV40, however, up to 25* of the late 16S (mVPl) mRNAs have tandem repeats 1n their leader sequences; these strains have sequence changes 1n the late leader region and a short deletion 3" to the late mRNA polyadenylat ion site (M. Piatak, L.C. Norkin and S.M. Weissraan, personal communication). The structure of the late nuclear RNA from these strains has not yet been determined. It has been proposed that the introduction of particular splices in the SV40 late mRNA leaders influences which splicing events subsequently occur (10). In the cases of SV40 and the closely related human papovavirus BK, a proportion of the late mRNA leaders contain an ATG codon followed by a clear reading frame for about 60 codons until a stop codon just before the main mRNA coding sequence starts. The significance of this finding is not known: as yet, no protein product derived from this region of the genome has been reported. In the case of polyoma virus, an open reading frame is present throughout the repeated leader sequence, but according to the published DNA sequences (28,43) there is no upstream in frame ATG codon.
It 1s therefore not obvious how translation of the polyoma virus late mRNA leader sequence could play a part in its function.
A more likely role of the leader sequence is to facilitate translation of the protein coding sequence contained in the body of the mRNA.
It has been suggested that one function of the different SV40 late mRNA leaders 1s to make different initiation codons accessible to ribosomes (9) .
A limited complementarity exists between the leader sequence of the adenovirus major late mRNAs, and the 3' terminus of the appropriate 18S ribosomal RNA (7,11).
Such complementarity is also found in the reiterated leader sequence unit of the polyoma virus late mRNAs (31) .
In this case, ribosome binding studies (44) have demonstrated that the leader sequence repeat unit constitutes the major ribosome-protected RNA species. Whether the reiterated leader sequence structure is necessary for this is not known.
The availability of techniques for _f_n vitro construction of viral mutants and their purification by molecular cloning means that the effects of changes in the leader sequence may be easily studied.
It should therefore prove possible to construct and characterise the properties of viral mutants that are unable to produce a reiterated late mRNA leader sequence.
